The freezing of wheat bread before aroma analyses is a common practice in order to preserve loss of the volatile profile. However, the impact of the frozen storage time on the aroma profile has not been studied. For this purpose, the volatile profiles of wheat bread frozen for 1, 2 and 4 weeks were analysed employing solvent extraction and static headspace methoologies with GC/MS. The results revealed that the freezing was effective to prevent the loss of volatiles during the first week. However, after two weeks, there was an increase of volatile compounds, probably generated by chemical reactions. Thus, a maximum of one week of frozen storage was recommended when using the solvent extraction methodology. When using the static headspace method, the samples should be analysed on the same day as preparation, since the extraction was surprisingly increased due to the starch retrogradation that occurred during freezing.
Introduction
The aroma of bread is one of the main characteristics perceived by consumers. The more attractive the aroma is, the more likely the bread will be consumed. Thus, the development of new recipes that improve the bread aroma as well as the quality control of the bread aroma itself are key factors to ensure consumer acceptability. Therefore, accurate analytical methods are essential to measure the aroma of bread. In this context, the freezing of wheat bread samples, in order to preserve the volatile compounds, is usually required prior to chemical analyses due to logistic questions of shipping or production on a different day than the analyses. Numerous studies reported the "freezing of the bread sample until the aroma analysis" without checking if the volatile profile even changed at freezing temperatures (Bianchi, Careri, Chiavaro, Musci, & Vittadini, 2008; Luning, Roozen, Moëst, & Posthumus, 1991; Paraskevopoulou, Chrysanthou, & Koutidou, 2012) . Thus, it is decisive to ensure that the content of volatile compounds remains almost unchanged during freezing to achieve reliable results in aroma research. The present literature concerning the evolution of the volatile compounds during storage has been focused on the changes of the aroma profile at room temperature (Chiavaro, Vittadini, Musci, Bianchi, & Curti, 2008; Jensen, Oestdal, Skibsted, Larsen, & Thybo, 2011a; Jensen, Oestdal, Skibsted, & Thybo, 2011b; Latou, Mexis, Badeka, & Kontominas, 2010; Plessas et al., 2008 Plessas et al., , 2011 . The extension of shelf-life is one of the biggest challenges for the baking industry today, since the short shelf-life of bread has caused considerable economic losses annually (Plessas et al., 2011) . However, as to our knowledge, there is no literature concerning the evolution of volatile compounds during freezing.
Therefore, the aim of the present study was to investigate the frozen storage time suitable to preserve the volatile profile of wheat bread samples, in order to achieve reliable aroma analyses. For this purpose, bread samples frozen for one, two and four weeks were analysed using a static headspace methodology for the very volatile compounds and a solvent extraction methodology for the rest of common volatile compounds studied in wheat bread, both with GC/MS.
Materials and methods

Materials
Strong wheat flour (11.73% and 11.20% w/w of moisture and protein contents, respectively) from Harinera Castellana (Medina del Campo, Valladolid, Spain), ascorbic acid from Sigma Aldrich (Gillingham, UK), Saccharomyces cerevisiae (Saf-instant yeast) from Lesaffre (Lille, France), salt from Ybarra (Sevilla, Spain) as well as tap water were used to make the bread samples. To check the retention time and the mass spectra of the main volatile compounds, the 38 analytical standards listed in Table S1 were purchased from Sigma Aldrich (Gillingham, UK).
Methods
Bread making and storage conditions
The following ingredients, as % on wheat flour basis, were utilized: salt (1.8%), instant yeast (1%), ascorbic acid (0.01%) and water (52.7%, calculated to obtain 500 Farinograph Units, FU). The dough was made with 1500 g (± 0.05 g) of flour and the amount of water was adjusted to an average moisture content of 12%. The ingredients were mixed using a Kitchen-Aid Professional mixer (KPM5, KitchenAid, St. Joseph, Michigan, USA) for 15 min at speed 2. Six pieces of dough of 500 g each were rounded and left for fermentation for 90 min in a chamber at 30°C with 75% RH. Later, the pieces of fermented dough were baked at 180°C for 40 min and left for 30 min to reach room temperature. One piece of bread was analysed as freshly prepared sample (day 0), as a baseline for comparison over time. First, the fresh bread was cut into slices of 5 cm long and then the crumb was separated 1 cm from the crust, to avoid contamination of the crumb with crust volatile compounds. Then, the crumb was frozen with liquid nitrogen and ground in an Ika grinder model M20 (Staufen, Germany) for 10 seconds.
Finally, 50 g of the powder was submitted to volatile compounds analyses (sub-section 2.2.2). The crumb of another piece of bread was separated from the crust in the same way, ground and frozen with liquid nitrogen, as was reported by studies that freeze the crumb separated from the crust until their analysis (Paraskevopoulou et al., 2012; Bianchi et al., 2008) . The crumb powder was separated into three aluminum packets placed in polyethylene bags and frozen at -21°C for one, two and four weeks, respectively, until their volatile compounds were analysed. Finally, another piece of bread was taken as a control sample of the evolution of the volatile compounds over time at room temperature, in order to compare the changes during freezing with conventional room storage. It was stored in a laboratory oven, wrapped in aluminum foil, at a controlled temperature of 22°C. This bread was stored with the crust in order to protect the volatile compounds from dramatic losses that could prevent the analysis of changes due to the natural aging of bread. After one week, the crumb was separated from the crust, frozen with liquid nitrogen and grinded and finally submitted to volatile compounds analyses (as was explained for the fresh bread). Experiments were made with a piece of bread stored for two weeks at room temperature, but the volatile compounds analysis was not accomplished because the bread was completely stale. All the samples were thawed for 30 min before the aroma analyses were conducted. The whole experiment was conducted in duplicate (n=2).
Volatile compounds analyses: Solvent extraction, Static Headspace & GC/MS
The fresh sample, the control sample (stored one week at room temperature) as well as the three frozen samples (one, two and four weeks) were analysed following the solvent extraction methodology for the analysis of volatile compounds in wheat bread crumb developed by our research group (Pico, Nozal, Gómez & Bernal, 2016) . This is considered a suitable method to examine the possible changes in the volatile compounds of frozen crumb since the reported limits of detection have been lower than 35 µg Kg -1 .
Each sample was analysed in duplicate (n=2).In order to evaluate the changes of the very volatile compounds, static headspace analyses of ethyl acetate and ethyl alcohol were performed, which eluted with the solvent in the lipases method. Thus, 1 g (± 0.050 g) of each sample was placed in a 20 mL vial and sealed with a septum cap. The samples were then extracted for 90 min at 90°C, without agitation, in a Static Headspace autosampler 7694 from Hewlett Packard (Palo Alto, California, USA). The loop and transfer line temperatures were 100°C and 105°C, respectively. The carrier gas employed was helium, supplied by Carburos Metálicos (Barcelona, Spain), with a carrier gas pressure of 23 psi. The vial pressurization was 14 psi for 0.2 min. The loop filling time was 0.2 min, the equilibration loop time was 0.05 min and the injection time was 1 min. Each sample was analysed in duplicate (n=2). GC-MS conditions for the solvent extraction methodology are the same that those previously described (Pico, Nozal, Gómez & Bernal, 2016) . Specifying the gradient conditions, for the solvent extraction methodology the temperature ranged from 45°C (1.5 min) to 100°C (0 min) at 7°C/min, after which the temperature was increased to 114°C (3 min) at 6°C/min, and then to 136°C (0 min) at 1.5°C/min. Finally, the temperature was raised to 245°C at 85°C/min. This temperature was held for 25 min in order to elute the hydrolysed fat (glycerol and free fatty acids). For static headspace (SHS) analyses, the temperature ranged from 45°C (1.5 min) to 100°C (0 min) at 7°C/min, and afterwards the temperature was increased to 114°C (6.7 min) at 1°C/min. Analyses were performed in Selected Ion Monitoring (SIM) mode and the 38 volatile compounds were identified and confirmed by comparison of their retention times and mass spectra (target and qualifier ions) with standards (Table S1 ) and with the Mass Spectra Library (Wiley 7N edition).
Data analysis.
The One-way Analysis of Variance (ANOVA) of the peak areas (n=4, each bread prepared in duplicate and analysed in duplicate) was computed by the software Statgraphics Centurion version XVII (Statpoint Technologies, Warrenton, Virginia) with statistical significance set at p < 0.05.
Results and discussion
Evolution of the volatile compounds during storage at room temperature
A total of 38 volatile compounds reported as main volatile compounds in fresh wheat bread (Birch, Petersen, & Hansen, 2014; Chiavaro et al., 2008; Jensen et al., 2011a; Latou et al., 2010; Makhoul et al., 2015; Plessas et al., 2008 Plessas et al., ., 2011 were selected to examine the evolution during room temperature and frozen storages (Table S1 ). The results of the 38 selected volatile compounds for the fresh sample and the control sample stored one week are summarised in Table 1 . Nearly all of the volatile compounds, disregarding the boiling point, polarity or functional group, decreased after one week of storage at room temperature. Only for 2,3-butanedione, 1-pentanol and 1,3butanediol there were no significant differences between the fresh sample and the stored sample, although they were present in low amount. This general tendency of volatile compounds to decrease after a few days of storage at room temperature has been commonly reported Jensen et al., 2011b; Plessas et al., 2011) .
These changes have been attributed to evaporation, staling of bread or oxidation reactions, although they have not been explained. Chiavaro et al. (2008) found in their study that the volatile compounds in the wheat bread crumb decreased between 1.5 and 3 times after 8 days of storage at 25°C, which is in concordance with the average decrease of 2.75 times (39% of losses) of our study. Ethyl acetate as well as ethyl alcohol also showed large decreases of 65 and 70%, respectively, which can mainly be explained by their low boiling points. This decrease in the concentration of ethyl alcohol has been also reported by Plessas et al. (2008 Plessas et al. ( , 2011 . However, there are some controversies with ethanol, since Latou et al. (2010) reported an increase after four days in the concentration of ethanol, although no explanation was given for this outcome.
Acetoin was the only volatile compound that showed significant differences with an increase in the peak area after one week of storage at room temperature, which is in concordance with the work of Jensen et al. (2011a) . Acetoin is mainly formed from the glycolysis of pyruvic acid in fermentation (Martínez-Anaya, 1996) by the yeast (Capozzi et al., 2016) and it can also be generated by Maillard reactions during baking (Poinot et al., 2010) . However, Maillard processes typically do not occur during storage as a consequence of the moderate temperatures. Nevertheless, Birch, Petersen, & Hansen (2013) reported that acetoin can be formed from the decarboxylation of 2acetolactate, which could tentatively proceed at room temperature. 2-ethyl-1-hexanol, 2methyl-1-propanol and 5-methyl-2-furaldehyde presented losses of around 90% in the peak area of the fresh bread, which was surprising for 2-ethyl-1-hexanol and 5-methyl-2-furaldehyde regarding their high boiling points. 2-methyl-1-butanol and 3-methyl-1butanol also presented high losses, around 60%. Coincidentally, those were five of the seven volatile compounds that contained a methyl/ethyl radical group that could lead to some form of steric hindrance, making the interaction difficult between the volatile compounds molecules and the bread matrix. The interactions between the volatile compounds and starch have been attributed mainly to the amorphous fraction of starch, the amylose fraction (Arvisenet, Le Bail, Voilley, & Cayot, 2002) . This interaction is based on the generation of complexes, the volatile compound being the ligand that induces the formation of amylose single helices, normally of six glucoses per turn (Rappenecker & Zugenmaier, 1981) . As a consequence, the methyl/ethyl radical of 2ethyl-1-hexanol, 2-methyl-1-propanol, 5-methyl-2-furaldehyde, 2-methyl-1-butanol and 3-methyl-1-butanol could have the potential to lead to high steric hindrances that complicated their access to the amylose helix and made the interaction difficult between the hydroxyl groups of the volatile compound and the amylose of starch. Although 3methylbutanoic acid and 2-methylbutanoic acid also contained the methyl radical, the high polarity of the acidic group could have the ability of retaining them in the crumb matrix via linkages to the starch by hydrogen bonds (Le Bail, Biais, Pozo-Bayón, & Cayot, 2004). In the case of 1-propanol, the low boiling point justified a loss of 56%.
However, the losses higher than 50% of R-(+)-limonene, furfural, ethyl octanoate, phenylacetaldehyde and 2,4-(E,E)-decadienal could be explained by a combination of steric hindrance together with a low polarity that could force the volatile compounds to be easily released from the matrix. The other 25 volatile compounds presented losses lower than 25% that were perfectly explained by the storage time.
Changes in the volatile profile during frozen storage
Evolution of the volatile compounds over the four weeks of freezing
The results of the 38 selected volatile compounds for the samples frozen for one, two and four weeks are provided in Table 2 . Only 1-propanol and 4-vinylguaiacol showed no significant differences, as they remained almost constant during the freezing experiment. Regarding the first week of freezing, overall there was a decrease in concentration of the volatile compounds, with an average loss of 32% for the volatile compounds using the solvent extraction methodology and 21% and 19% for ethyl acetate and ethyl alcohol, respectively. Nevertheless, in comparison to the control sample, the freezing achieved an average preservation of 34% after one week.
Furthermore, delving into more detail, in the sample stored at room temperature, 2methyl-1-propanol, 1-propanol, 3-methyl-1-butanol, ethyl alcohol, 2-methyl-1-butanol, ethyl acetate and hexanal experienced losses that were 79%, 56%, 54%, 51%, 50%, 44% and 17% higher, respectively, than the frozen sample after one week. This finding could be attributed to their high volatility. Furfural and 2,4-(E,E)-decadienal also showed losses that were 25% and 73% higher in the room temperature sample than in the frozen one, but they do not present low boiling points. 2,3-butanedione was the only volatile compound that was better preserved at room temperature than during freezing, which was very surprising taking into account that 2,3-butanedione presents the lowest boiling point of the studied volatile compounds. Nonetheless, 2,3-butanedione can be generated from the oxidative decarboxylation of 2-acetolactate (Birch et al., 2013) , a reaction that hypothetically is more spontaneous at room temperature. Alternatively, acetoin showed the same behaviour during freezing as at room temperature and increased after one week of storage but in a lesser degree. This can also be theoretically attributed to the possible deceleration of the decarboxylation of 2-acetolactate upon freezing. For the other 27 volatile compounds there were slight differences between storage at room temperature and freezing, with the differences lower than 15% attributable to the fluctuations of the GC/MS instrument in the measurement between different days (interday repeatability). Thus, the crust of the control sample seemed to act as an efficient protector of these 27 volatile compounds that differed minimally from the frozen samples. Figure 1 , the total content of alcohols, acids and ketones followed the same general tendency during freezing, with a decrease in the total area during the first week, an increase during the second week and a final decrease leading up to the fourth week. Regarding the SHS-GC/MS analyses (Table 2) , ethyl acetate also showed a decrease during the first week but then a constant increase leading up to the fourth week. For ethanol, there also was a decrease in the first week but a great increase in the second week (much higher than the fresh sample) and a slight decrease leading up to the fourth week. This indicates that the key differences between the evolutions of the volatile compounds during freezing were achieved during the second week. 2-methyl-1propanol, 2,3-butanediol, ethanol, 3-penten-2-ol, 2-methyl-1-butanol, benzyl alcohol, phenylethyl alcohol, ethyl acetate, acetoin as well as isobutyric acid, butyric acid, 3methylbutanoic acid and 2-methylbutanoic acid, were compounds that clearly increased from the first to the second week of freezing. Conversely, 3-methyl-1-butanol, 2octanone, 1-hexanol, 1-octen-3-ol, hexanoic acid and 2,4-(E,E)-decadienal remained almost constant during the second week of freezing. The other 17 volatile compounds experienced the expected decrease during the second week. These behaviours of increasing, decreasing or staying constant over the storage time instead of only decreasing, have been also reported by Jensen et al. (2011a) , although at room temperature and over three weeks. Considering the outcomes during the first and second weeks from Jensen et al. (2011a) , the alcohols showed exactly the same behaviour as in our case, with a decrease in the first week and an increase in the second week up to the initial value of the fresh sample. Although they reported that the content of alcohols did not change significantly, we found significant differences. Regarding the acids, they reported an increase during the first week and a decrease during the second week, while our results showed an increase during the second week and then a decrease again leading up to the fourth week. They explained the increase through the oxidation of the aldehydes, a reaction that tentatively could be susceptible to be delayed as a consequence of the freezing in our study. Furthermore, in our study the peak area of aldehydes decreased over four weeks, which could be justified by their intermediate state of oxidation, along with the possibility of their reduction to alcohols or oxidation to acids. For Jensen et al. (2011a) the aldehydes increased in the first two weeks explained by lipid oxidation, which on one hand was encouraged by the room temperature and, on the other hand, by the addition of soy oil in their recipe. Finally, although in our study the total content of the ketones exhibited the same general behaviours, 2,3-butanedione and acetoin showed opposite behaviours and it would be better to study them individually. Jensen et al. (2011a) reported the same pattern, with a decrease in the content of 2,3-butanedione in the first two weeks and an increase in the content of acetoin in the first week, although in their case acetoin decreased in the second week.
As depicted in
Effectiveness of the freezing on the aroma preservation for analytical purposes
When using the solvent extraction methodology, the average reduction in the content of the volatile compounds after one week of storage at room temperature was 39% while the average reduction after one week of freezing was 32%, therefore supporting the efficacy of freezing for enhanced volatile compound retention. However, in the analysis of ethanol and ethyl acetate by SHS-GC/MS, the average loss at room temperature was 68% but the average loss during freezing was 20%. As ethanol and ethyl acetate presented the lowest boiling points, the logical situation would be higher losses for them than for the volatile compounds of the solvent extraction methodology, as occurred with the sample stored at room temperature. This surprising high content of ethanol and ethyl acetate in the frozen samples is possibly related, somehow, with physicochemical changes. During the staling of bread, the amylose fraction retrogrades in the first hours of storage while the amylopectin fraction retrogrades over days, although staling has been reported to be mainly due to amylopectin retrogradation (Ronda, Caballero, Quilez & Roos, 2011) . The phenomenon of retrogradation implies that the amylose chains exuded from the starch grain are reoriented in parallel and interact with their hydroxyl groups through hydrogen bonds, while the amylopectin molecules are also associated through hydrogen bonds with their hydroxyl groups. This could lead to the hypothesis that the interaction of the volatile compounds with the hydroxyl groups of retrograded starch would be lower. reported that the melting enthalpy of the amylopectin recrystallised in crumb after thawing was higher in the bread frozen for one week than in the fresh bread, which means that the frozen bread retrograded quicker. This would entail that the volatile compounds of the frozen bread would be released easier after thawing than in the fresh bread, due to the higher rate of retrogradation during freezing. As to our knowledge, the effect of retrogradation on the interaction between the starch and the volatile compounds during freezing has never been reported.
In view of these results, we hypothesised that the explained effect of retrogradation during freezing should be negligible when using solvent extraction methodologies, probably due to the weakening of the hydrogen bonds in presence of the solvent. Thus, the selection of the suitable frozen storage time depends solely on the losses of volatile compounds. In order to avoid losses higher than 24%, the bread samples should be analysed before one week of freezing for solvent extraction analyses. However, when using headspace methodologies the effect should be considered important due to the lack of intermolecular forces with a solvent, leading to an easier release of the volatile compounds from the matrix to the headspace with regard to the fresh bread. As the aim of freezing is to retain the volatile profile of the fresh bread until it is analysed, the easier release of the volatile compounds would disturb the aroma profile, leading to unreliable findings. This explains why the results between the solvent extraction method and SHS-GC/MS were incorrectly closer in the frozen bread than in the fresh one.
Therefore, bread samples should be analysed on the same day as preparation if headspace analyses are made. By all means, if freezing is needed, temperatures under -28°C are suggested in order to decelerate the retrogradation of starch .
Conclusions
The impact of frozen storage time on the volatile profile of wheat bread crumb has been studied for the first time. It has been proven that frozen storage is able to maintain the aroma quality of the bread up to one week (average losses of 24%), with losses of approximately 34% fewer of the volatile compounds regarding room temperature storage (average losses of 58%). The profile of the frozen bread was characterised by losses lower than 20% of alcohols from fermentations such as 2/3-methyl-1-butanol, phenylethyl alcohol or benzyl alcohol and losses higher than 20% of volatile compounds from lipid oxidation like hexanal, 1-hexanol, 1-octen-3-ol, nonanal and 2-(E)-nonenal. Moreover, after two weeks of freezing, there was an increase mainly in the content of acids and alcohols. Finally, after one month of freezing, 5 of the 38 volatile compounds were completely lost and the average losses increased up to 53%. Regarding the analytical possibilities in light of these results, bread samples should be analysed before one week of frozen storage time by solvent extraction, in order to avoid losses of volatile compounds higher than 24%. Concerning the static headspace methodology, the samples should be analysed on the same day as the bread is prepared, since the acceleration of the starch retrogradation during freezing could lead to higher releases of volatile compounds in the extraction than those expected in the fresh sample.
Latou, E., Mexis, S. F., Badeka, A. V., & Kontominas, M. G. (2010) . Shelf life Table 1 . Peak area of the target ions (x 10 6 ) of the 38 volatile compounds studied in the crumb Table 2 . Peak area of the target ions (x 10 6 ) of the 38 volatile compounds studied in the crumb of the fresh bread and the bread frozen for one, two and four weeks at -21°C. Standard deviations (SD) are given after ± (n=4). Different letters in the same row indicate significant differences in One-way Anova (95% significance level). Table S1 . Volatile compounds studied in the fresh sample, the sample stored for one week at 22°C as well as the samples frozen for one, two and four weeks, in order of elution (Rt, retention time). Target (T) and qualifier (Q1, Q2, +Q) ions employed for each compound are given in the Fig. 1 . Evolution of the main groups of volatile compounds in the wheat crumb stored for one week at room temperature (black lines) and in the wheat crumb frozen for one, two and four weeks (grey lines). The results are the sum of the peak areas of the ketones (continuous line, x 10 6 ), aldehydes (discontinuous line, x 10 6 ), alcohols (scratch-doubly spotted line, x 10 7 ) and acids (spotted line, x 10 7 ).
